Purpose: We developed a new and convenient method that employs voxel-based morphometry (VBM) to evaluate regional reduction in the volume of white matter after diffuse axonal injury (DAI).
Introduction
Axonal injury is common in traumatic brain injury (TBI), and atrophy of the central nervous system is the main long-term complication of white matter damage caused by axonal injury. Accordingly, the main findings of TBI on structural brain imaging include abnormally small brain volume and large ventricular volume. However, white matter damage is sometimes too small to detect by conventional modalities that are used to image brain structures. 1 Recent advances in magnetic resonance (MR) imaging, such as diffusion-tensor imaging (DTI), have allowed imaging of microstructural changes in the brain. [1] [2] [3] Though these new techniques based on high-tesla MR imaging are extremely useful, they are not standard and not available in many hospitals.
Recent studies have applied computer-aided voxel-based morphometry (VBM) to conventional T 1 -weighted volumetric MR imaging to detect microatrophic changes in the brain. 1, 4 The data provided by the white matter probability maps of statistical parametric mapping (SPM) (Wellcome Department of Imaging Neuroscience, London, UK) were somewhat superior to the fractional anisotropy (FA) and mean diffusivity (MD) maps from DTI, especially in the longitudinal analysis of TBI, because they demonstrated greater decline in TBI over time in patients than healthy subjects. 1 In Japan, VSRAD μ Advance (http://www.vsrad. info/index2.html [in Japanese]) is the most commonly used software for VBM analysis of volumetric MR imaging. Though the software was developed for the detection of Alzheimer's disease, modification of some of its segments could allow its use in the evaluation of TBI. The VSRAD μ Advance software is free and designed to run as an independent application on Windows PC for VBM; it utilizes a built-in SPM version 8 (SPM8) engine and an algorithm for diffeomorphic anatomic registration through exponentiated Lie algebra (DAR-TEL) (Wellcome Department of Imaging Neuroscience). 5 With the SPM8 engine and DARTEL algorithm built in to the software, VSRAD μ Advance can compute the severity of regional reduction in the volume of white matter as a Z-value relative to data of a standard brain contained in a database of healthy subjects built in to the program. Moreover, the software provides this Z-score map automatically in less than 10 min for all procedures using a standard desk-top PC with Windows. 4 Although these techniques cannot provide the absolute volume, they can provide statistical results of comparisons between patients and controls, and the application with SPM8 plus DARTEL is especially convenient for daily clinical use. In addition, the program for voxel-based stereotactic extraction estimation (vbSEE) can automatically set the regions of interest (ROIs) on the Z-score map 6, 7 and calculate the Z value of each ROI. A method that combines VSRAD μ Advance and vbSEE will likely detect microstructural changes in the white matter after TBI better than the MR imaging devices in current use.
Therefore, we developed a new and convenient method that combines the application with the SPM8 engine and the DARTEL algorithm that is built in to the VSRAD μ Advance software with voxel-based stereotactic extraction estimation to evaluate the regional reduction in the volume of white matter after diffuse axonal injury (DAI). We then used the technique to evaluate such reduction in 29 patients with DAI and correlated the regional reduction in the volume of white matter computed using this technique with neuropsychological impairment after DAI.
Materials and Methods

Subjects
The Human Ethics Review Committee of The Jikei University School of Medicine approved the study protocol, and we obtained signed consent from each subject. All study patients with DAI were referred from the Outpatient Clinic and admitted to the Department of Rehabilitation Medicine between April 1, 2009 and February 29, 2012 .
The following criteria were used to diagnose DAI and determine inclusion in the study. Patients were included who:
: fulfilled the criteria of DAI defined by Gennarelli 8 ; : had no areas of abnormal high intensity in intracranial areas on T 2 -weighted MR imaging (T 2 WI) and therefore no MR imaging-based diagnosis of cerebral contusion or epidural, subdural, or intracerebral hematoma and thus no distorted characteristics of MR imaging signal 6 ; : were independent in their activities of daily living (ADL) at home but lacked social activities, either at work or in community, as a result of cognitive deficit (included as a criterion of moderate disability as classified by the Glasgow Outcome Scale [GOS]), 9 though we excluded patients with motor disability from examination of the relationship between regional white matter atrophy and cognitive deficit; : had no history of other disease or disability before and after injury; and : were 18 to 39 years of age. Thus, we excluded patients with other disease including developmental and aging disorders that could be associated with white matter hypotrophy and/or atrophy. Moreover, the patients those included were better matched to the normal subjects identified in the database of the application with SPM8 plus DARTEL.
Using the above criteria, we selected 29 patients with DAI (23 men, 6 women; aged 21 to 39 years at study entry; time since TBI, 18 to 163 months, initial Glasgow Coma Scale (GCS) score, 3 to 8) ( Table 1) . No patient had intracranial areas with abnormal high intensity on T 2 -weighted MR imaging at examination, though some had traumatic microbleeds on T 2* -weighted or susceptibility-weighted MR imaging and/or ventricular enlargement. Each participant underwent thorough evaluation with the Wechsler Adult Intelligence Scale III (WAIS-III) 2 to 4 weeks before MR imaging (Table 1) .
MR imaging
Each subject underwent MR imaging examination of the brain using a standard 1.5-tesla MR imaging system (MAGNETOM Avanto, Siemens Medical Systems, Erlangen, Germany). Three-dimensional volumetric acquisition of a T 1 -weighted gradient-echo sequence (repetition time [TR] , 544 ms; echo time [TE], 2.2 ms; one excitation) produced a gapless series of continuous, thin sagittal sections using a 15°flip angle, 256 © 256 matrix, 23 © 23-cm field of view, and 1.00-mm section thickness.
Stand-alone software program running on Windows PC for VBM analysis by SPM8 plus DARTEL (VSRAD μ Advance) The VSRAD μ Advance system can automatically generate Z-scores that describe significant diminution of white matter. 4 We used the built-in SPM8 engine of VSRAD μ Advance that utilized a unified tissue-segmentation procedure after correction of nonuniform image intensity to segment MR images of gray matter, white matter, and cerebrospinal fluid. The segmented images of white matter were then spatially normalized to the customized template in the standardized anatomic space using the built-in DARTEL algorithm of the VSRAD μ Advance program. To preserve white matter volume within each voxel, the images were modulated by the Jacobian determinants derived from the spatial normalization by DARTEL and then smoothed using an 8-mm full width at half maximum (FWHM) Gaussian kernel. The Z-score for each voxel was computed by comparison with data regarding the mean and standard deviation (SD) of images of white matter of 32 agematched healthy volunteers (18 to 39 years) stored in the optional normal database of the software. After global normalization, we developed the following equation to define the Z-score, a relative coefficient that describes the relative reduction in white matter volume in each voxel: Z-score = (control mean ¹ individual value) / (control SD). This software analyzes data of a single case in 22 min 20 s, which includes all procedures, using a standard mobile notebook 32-bit PC with an Intel Core 2 duo central processing unit and 4 gigabytes of memory (Intel, Santa Clara, CA, USA).
Application of voxel-based stereotactic extraction estimation (vbSEE)
Following the acquisition of the Z-score map, we used the vbSEE program to set ROIs automatically on the Z-score map. 6, 7 Originally, the vbSEE program conducted Z-value association between the coordinates in the prepared patterns of ROIs and the case coordinates. Moreover, vbSEE can incor- 10 This ROI template has already been used in VBM analysis of DAI with both SPM8 and DARTEL. 11 Subsequently, we obtained the Z values of 36 ROIs in the whole brain according to segments and anatomical classification of "deep white matter levels" on ICBM DTI-81 ( Fig. 1 ). To describe significant regional reduction in the volume of white matter, we used the value for the extent of reduction, which we computed using the formula: extent (%) = number of coordinates with Z value > 2.0 in the ROI / total number of coordinates in the ROI) © 100. 6 The "extent" value was taken as the individual value for all ROIs to express volume reduction in each region of deep white matter. The shapes of neural fibers in most ROIs in the present study appeared long, narrow, and complex, whereas regions of trauma in certain ROIs were partial and varied from case to case. Thus, we considered the "extent index" to be useful for detecting partial injury of neural fibers. The vbSEE automatically sets ROIs and collects data regarding the extent of reduction in volume in just a few seconds, even on the above-described notebook PC. Figure 2 shows conventional MR images, a Zscore image, and an "extent" map of a representative patient with DAI. Coordinates with regional white matter volume reduction (rWMVR) were easily located on the Z-score map, and the vbSEE indicated the severity of reduction in these areas, represented by the extent of voxels with suprathreshold Z-scores in each ROI on deep white matter structures. The vbSEE can also provide a map of the extent of volume reduction that expresses the location of ROIs with abnormal rWMVR. In addition to the atrophic areas detected by conventional T 1 -weighted imaging, the Z-score map and "extent" map showed many other deep areas in the white matter with rWMVR.
Visual analysis of individual cases
Statistical analysis
We used Pearson's correlation coefficient test for statistical analysis of the relationship among age, time since injury, quotient of WAIS-III, and regional reduction in the volume of white matter in each ROI, which was represented by the "extent" value. When the extent of volume reduction in a certain ROI correlated significantly with a certain quotient, ROC analysis was performed, together with analysis of the area under the curve (AUC), optimal cutoff values of the extent of reduction, and sensitivity and specificity for discrimination of patients with remarkably abnormal quotients (<70) and those with normal quotients. All statistical analyses were conducted using JMP software (SAS Institute Inc., Cary, NC, USA).
Results
"Extent" value of each ROI Table 2 shows the values that expressed the extent, or severity, of rWMVR in each ROI. We noted marked rWMVR in the corpus callosum, fornix, in- Fig. 1 . Regions of interest (ROIs). We set ROIs in 36 areas according to segments and anatomical classification of the levels of deep white matter described in the DTI-81 atlas of the International Consortium for Brain Mapping (ICBM). 10 ACR, anterior corona radiata; ALIC, anterior limb of the internal capsule; BCC, body of the corpus callosum; CgC, cingulum in the cingulate cortex; CgH, cingulum in the hippocampus; EC, external capsule; FX, fornix; GCC, genu of the corpus callosum; PLIC, posterior limb of the internal capsule; PTR, posterior thalamic radiation; RLIC, retrolenticular part of the internal capsule; SCC, splenium of the corpus callosum; SCR, superior corona radiata; SLF, superior longitudinal fasciculus; SS, sagittal stratum A 36-year-old woman who underwent MR imaging analysis 163 months after a traffic accident. She had independent activity of daily living but could not return to work because of neuropsychological impairment, especially slow processing of information and memory disturbance (Wechsler Adult Intelligence Scale III; full scale IQ, 101; verbal IQ, 106; performance IQ, 94; verbal comprehension index, 111; perceptual organization index, 106; working memory index, 83*; processing speed index, 72*). Conventional T 2 -weighted MR images showed no abnormal areas of high intensity in the intracranial areas, but T 1 -weighted MR images showed atrophy of the corpus callosum (CC), especially its genu (GCC) and body (BCC). A stand-alone software program running on a Windows PC for voxel-based morphometry (VBM) analysis utilizing a statistical parametric mapping version 8 (SPM8) engine and an algorithm for diffeomorphic anatomic registration through exponentiated Lie algebra (DARTEL) provided the Z-score image. It showed the location of coordinates with supra-threshold Z-scores (>2.0), which expressed regional reduction in the volume of white matter (rWMVR), on standard 2-and 3-dimensional projection brain maps. The Z-score image also identified several regions with rWMVR, including the CC. Voxel-based stereotactic extraction estimation (vbSEE) expressed the extent of atrophic regions in the corpus callosum as concrete values (GCC, 30.3%; BCC; 78.9%; splenium [SCC], 11.2%). The vbSEE can also provide an "extent" map that expresses the locations of abnormal regions of interest (ROIs) with values of extent of volume reduction that exceed 10% and distinguish severity of rWMVR in each ROI using different colors for each 10% of the extent value. In addition to the above areas of brain atrophy detected by conventional T 1 -weighted imaging, the Z-score map and the "extent" map showed many important areas with rWMVR in the deep white matter (cingulum in the cingulated cortex [CGC] and in the hippocampus *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (corresponding to the threshold of P < 0.05 Bonferroni-corrected for number of multiple comparisons), *****P < 0.00001, FIQ, full-scale intelligence quotient (IQ); Lt, left; PIQ, performance IQ; PO, perceptual organization index; PS, processing speed index; Rt, right; VC, verbal comprehension index); VIQ, verbal IQ; WM, working memory index ternal capsule, corona radiata, sagittal stratum, external capsule, cingulum, and superior and inferior fronto-occipital fasciculus. The extent values of these ROIs exceeded 10%, i.e., were 4 times the values that would be estimated by chance. 6 Correlation among age, time since injury, quotient of WAIS-III, and rWMVR in ROIs Table 2 also shows Pearson's correlation coefficients among age, time since injury, quotient of WAIS-III, and rWMVR in each ROI (as "extent"). The correlation coefficient varied widely among ROIs. We observed significant negative correlations in the splenium of the corpus callosum (SCC) with scores of performance IQ (PIQ) and processing speed (PS) (r: ¹0.68 to ¹0.75, P < 0.0001, findings that corresponded to a threshold of P < 0.05, Bonferroni-corrected for the number of multiple comparisons). Age and time since injury were not significantly correlated with the rWMVR of the SCC.
ROC analysis for ROI with significant correlation between the extent value and quotient
With regard to PIQ, the AUC for the SCC was 0.94, the optimal cutoff value of ''extent" was 23.1%, sensitivity was 100%, and specificity was 84%. For the PS, the AUC for the SCC was 0.80, the optimal cutoff value of ''extent'' was 23.1%, sensitivity was 72.7%, and specificity was 100%.
Discussion
Using a novel application for VBM analysis that combined SPM8 plus DARTEL and vbSEE for volumetric MR imaging, we demonstrated marked volume reduction in several ROIs on the white matter, especially in the corpus callosum, fornix, internal capsule, corona radiata, sagittal stratum, external capsule, cingulum, and superior and inferior fronto-occipital fasciculus. These results were mostly consistent with characteristics of longitudinal atrophy of white matter after TBI detected by VBM analysis of SPM.
1 Moreover, our results were partly consistent with those of a previous study that investigated loss in absolute brain volume after DAI, 12 which demonstrated longitudinal and regional selective loss of volume in the middle anterior and middle posterior corpus callosum after DAI. 12 Unfortunately, the FreeSurfer program (http://surfer.nmr.mgh.harvard.edu) used in that study 12 mainly provides gray matter volume and cannot provide volumes of white matter tracts, except for the corpus callosum.
Theoretically, our analysis was based on a standard method of statistical imaging analysis that involves comparison of patients with controls. In essence, the application used in this study represents a simplified Windows-based SPM stand-alone application. We quantified the extent of coordinates with supra-threshold Z-scores on previously structured deep white matter ROI templates. Thus, the new quantitative index provided a convenient tool to determine the correlation between neuropsychological impairment and rWMVR in patients with DAI. The best correlation was found in the SCC with scores of PIQ and PS. The statistical value fulfilled strict Bonferroni correction. Furthermore, based on the high AUC values, ROC analysis identified the optimal cutoff value of "extent" of reduction in the SCC to distinguish patients with DAI with markedly abnormal PIQ/PS and the same patients with normal PIQ/PS. The cutoff value determined by our method should help in the assessment of white matter volume reduction after DAI. With regard to other relationships, the values of the correlation coefficient were meaningful (P < 0.05, P < 0.01, P < 0.001), though they did not fill strict statistical correction. The results of the correlation between neuropsychological impairment and white matter were consistent with those of previous studies as discussed below. The WAIS-III estimates global intellectual function and is the most standard indicator of cognitive outcome after TBI. TBI affects both verbal and performance IQs and PIQ has been reported to be a more sensitive indicator than VIQ. 13 Therefore, the superiority of VIQ over PIQ should be expected. 13 The generation of factor-based index scores with the WAIS-III enhances the neuropsychological utility of the instrument, with the new processing speed index showing particular promise with regard to TBI. 13, 14 The PS index consists of subsets, Digit Symbol Coding and Symbol Search, that also yielded values consistent with PIQ scores. Accordingly, the low PIQ scores following TBI may reflect the vulnerability of the PS. 13 The present results demonstrated a similar trend with regard to the scores of WAIS-III (Table 1) , and our subjects were considered to have experienced typical cognitive sequelae after TBI. In addition, we observed high and moderate negative correlations between several rWMVRs and scores of WAIS-III composites, especially between 9 areas and PS and between 5 areas and PIQ ( Table 2) . Several of these correlations have already been reported (bilateral superior corona radiata [SCR] and left superior longitudinal fasciculus [SLF] with processing speed 15 and SCC with PIQ 2 ). Whereas tasks associated with PIQ emphasize widely distributed cortical functions that are particularly dependent on the interaction between cortical regions and interhemispheric integration, 16 the tasks associated with VIQ emphasize the processing and retention of verbal information, functions that tend to be lateralized to the left hemisphere, particularly the temporal 16 and frontal 3 lobes. In the present study, we clearly noted correlation between regional white matter volume and PIQ composites in several areas of the medial brain and both hemispheres. In contrast, VIQ composites correlated weakly with fewer regions (SCC, left SLF, and left uncinate fasciculus [UNC]). The left SLF contains connections between the frontal, parietal, occipital, and temporal lobes that include language-related areas. 10 Furthermore, the left UNC connects the anterior temporal lobe and the orbitofrontal lobe and possibly links the left hemispheric specialization for language. 17 Thus, our results on the relation between regional white matter and WAIS-III were consistent with those derived from previous well known theories especially based on DTI techniques and add new volumetric information to those theories.
Reduction in white matter volume in certain areas correlated with various components of cognitive deficits. In particular, we observed a high and significant correlation in the SCC, our only statistically significant result in the strict sense of the word. Using DTI, Matsushita and associates demonstrated damage of the major white matter tracts in the central areas of the brain, especially in the corpus callosum. 2 Their results indicated more obvious correlation between cognitive deficit and damage in the more posterior part of the corpus callosum, probably because of the difference in the sensitivity of the neural tissue to trauma. 2 Our results are consistent with the above results. The integrity of this region for interhemispheric integration might be important for global intellectual function 16 as well as for memory, attention, and executive function 18 after TBI.
Our study has certain limitations. First, the present applications only provided an index representing regional reduction in the volume of white matter based on data of ROI analysis. The applications did not provide the absolute volume nor provide voxelby-voxel analysis of data in the strict sense. Though our results were partly consistent with a previous report regarding absolute brain volume loss after TBI 12 and mostly consistent with the characteristics of longitudinal white matter atrophy after TBI detected by VBM analysis of SPM 1 as described above, they should be compared directly with findings using other powerful volumetric applications (e.g., FreeSurfer software) and VBM analysis (e.g., statistics of SPM itself ) in the future. Second, we excluded patients with cerebral contusion and epidural, subdural, or intracerebral hematoma to avoid the effects of abnormalities of parenchymal cortical reconstruction on the analytic process. 6 The study also excluded patients with motor disability. Further studies are needed to examine patients with TBI with other subtypes of injuries and those with other impairments. Third, we did not consider our applications suitable to distinguish other reasons for reduction in white matter volume (e.g., developmental disorders, degenerative diseases, cerebrovascular diseases, and growth and aging). Accordingly, we excluded patients with histories of such complications as well as young patients during the period of physical growth and elderly patients. To apply our applications in daily clinical use, repeated examinations are needed similar to those utilizing conventional structural imaging devices. Fourth, age and time since TBI might complicate interpretation of the results of our applications in patients with chronic TBI. This is especially important because neuropsychological diagnosis of sequelae after TBI would be performed in the chronic stage, and abnormal brain volume would be the only evidence of TBI in some chronic cases. Age and time since TBI hardly correlated with rWMVR in the present study; therefore, our volumetric technique seems useful for the clinical evaluation of patients with chronic TBI with regard to relationships between rWMVR and neuropsychological impairments. However, this result was interpreted using data of a group rather than data of individual patients.
Conclusions
Using a novel fully automatic application for VBM analysis with SPM8 plus DARTEL combined with vbSEE for volumetric MR imaging, we detected marked volume reduction in several areas of the white matter in patients with chronic DAI. Our results were mostly consistent with characteristics of longitudinal white matter atrophy reported after TBI. Furthermore, reduction in regional white matter volume in the splenium of the corpus callosum correlated significantly with PIQ and processing speed. Moreover, age and time since TBI were hardly correlated with reduction in regional white matter volume. These results somewhat confirm the validity of the applications for the clinical evaluation of chronic DAI with regard to relationships between abnormal white matter volume and neuropsychological impairment. Therefore, use of the applications might help neuropsychological diagnosis of sequelae in the chronic stage after TBI. Though use of the applications requires further evaluation, their use has the potential advantage of running conveniently even on laptops to analyze volumetric data from standard MR images.
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